The human Na ϩ -glucose cotransporter SGLT2 is expressed mainly in the kidney proximal convoluted tubule where it is considered to be responsible for the bulk of glucose reabsorption. Phosphorylation profiling has revealed that SGLT2 exists in a phosphorylated state in the rat renal proximal tubule cortex, so we decided to investigate the regulation of human SGLT2 (hSGLT2) by protein kinases. hSGLT2 was expressed in human embryonic kidney (HEK) 293T cells, and the activity of the protein was measured using radiotracer and whole cell patch-clamp electrophysiology assays before and after activation of protein kinases. 8-Bromo-adenosine cAMP (8-Br-cAMP) was used to activate protein kinase A, and sn-1,2-dioctanoylglycerol (DOG) was used to activate protein kinase C (PKC). 8-Br-cAMP stimulated D-[␣-methyl- -glucose currents by 50%. In both cases the increase in SGLT2 activity was marked by an increase in the maximum rate of transport with no change in glucose affinity. These effects were completely negated by mutation of serine 624 to alanine. Insulin induced a 250% increase in Na ϩ -glucose transport by wild-type but not S624A SGLT2. Parallel studies confirmed that the activity of hSGLT1 was regulated by PKA and PKC due to changes in the number of transporters in the cell membrane. hSGLT1 was relatively insensitive to insulin. We conclude that hSGLT1 and hSGLT2 are regulated by different mechanisms and suggest that insulin is an SGLT2 agonist in vivo.
-glucose cotransporter SGLT2 is expressed mainly in the kidney proximal convoluted tubule where it is considered to be responsible for the bulk of glucose reabsorption. Phosphorylation profiling has revealed that SGLT2 exists in a phosphorylated state in the rat renal proximal tubule cortex, so we decided to investigate the regulation of human SGLT2 (hSGLT2) by protein kinases. hSGLT2 was expressed in human embryonic kidney (HEK) 293T cells, and the activity of the protein was measured using radiotracer and whole cell patch-clamp electrophysiology assays before and after activation of protein kinases. 8-Bromo-adenosine cAMP (8-Br-cAMP) was used to activate protein kinase A, and sn-1,2-dioctanoylglycerol (DOG) was used to activate protein kinase C (PKC). 8-Br-cAMP stimulated D-[␣-methyl- -glucose currents by 50%. In both cases the increase in SGLT2 activity was marked by an increase in the maximum rate of transport with no change in glucose affinity. These effects were completely negated by mutation of serine 624 to alanine. Insulin induced a 250% increase in Na ϩ -glucose transport by wild-type but not S624A SGLT2. Parallel studies confirmed that the activity of hSGLT1 was regulated by PKA and PKC due to changes in the number of transporters in the cell membrane. hSGLT1 was relatively insensitive to insulin. We conclude that hSGLT1 and hSGLT2 are regulated by different mechanisms and suggest that insulin is an SGLT2 agonist in vivo. protein kinases; insulin; kidney PROTEIN PHOSPHORYLATION is one of the central mechanisms for short-term regulation of cellular processes (4, 15) , and in the last decades the activity of different transport proteins has been shown to be regulated through the action of protein kinases [i.e., Na ϩ -Cl Ϫ -glycine (23) , Na ϩ -Cl Ϫ -GABA (3), organic anion-transporting polypeptide C (24) , type II Na ϩ -phosphate (7), Na ϩ -Cl Ϫ -taurine (17) cotransporters]. This regulation can be direct or indirect: direct regulation changes the kinetics of the transporter such as substrate affinity and/or turnover number, whereas indirect regulation occurs via modulation of the rate of protein insertion into or retrieval from the membrane. Na ϩ -dependent glucose transporters (SGLTs) are a wide class of integral membrane proteins that mediate the thermodynamically coupled transport of sugars and Na ϩ across different epithelial cells (for an extensive review see Ref. 28 ). The family includes six different members (SGLT1-6) with different substrate specificity and tissue localization (29) . SGLT1 is expressed mainly in the intestine, whereas SGLT2 is predominantly expressed in the kidney where it is involved in the bulk of glucose reabsorption from the glomerular filtrate (26) . Biophysical characterization of hSGLT2 expressed in human embryonic kidney cells (HEK 293T) showed that hSGLT2 displays similar glucose and sodium kinetics to hSGLT1 but with a lower concentrative power due to a Na ϩ -glucose coupling of 1:1 rather than 2:1 for SGLT1 (13) . Studies have shown that both protein kinase A (PKA) and protein kinase C (PKC) are involved in the regulation of SGLT1-mediated sugar transport (27) . Regulation occurs by modulation of the rate of exo-and endocytosis and not directly by phosphorylation of the protein (27) .
A recent phosphoproteomic analysis of membrane proteins in the rat renal cortex has shown that SGLT2 exists in a phosphorylated state (6) . This led to the identification of three candidate phosphorylation sites: Ser619, Ser621, and Ser623 in the internal loop between transmembrane domain (TM) 12 and 13. To test whether phosphorylation is critical in the regulation for the human SGLT2, we have analyzed the effect of PKA and PKC activation on hSGLT2 expressed in HEK-293T cells. Parallel experiments were performed on hSGLT1 to highlight any potential differences between the two isoforms. PKA activation was induced by 8-bromoadenosine 3=-5=-cAMP (8-Br-cAMP), whereas sn-1,2-dioctanoylglycerol (DOG) was used as the activator of the Ca 2ϩ / test whether regulation of hSGLT2 occurs via phosphorylation, we also studied a mutant of the putative phosphorylation sites. Finally, since SGLT2 is highly expressed in the proximal tubule where there is a high density of insulin binding sites (2, 25), we examined whether or not insulin could be a natural agonist of SGLT activity.
Our results demonstrate that PKC and PKA regulate hS-GLT2 activity in HEK-293T cells by phosphorylation versus indirect regulation of SGLT1, and that insulin may be the physiological agonist regulating SGLT2 activity in vivo.
MATERIALS AND METHODS
Reagents and solutions. The standard extracellular solution (Na ϩ buffer) contained (in mM) 150 NaCl, 1 CaCl2, 1 MgCl2, and 10 HEPES, pH 7.4. For Na ϩ -free solution (choline buffer) NaCl was equimolarly replaced with choline Cl. For whole cell patch-clamp experiments at 37°C, mannitol (100 mM) was added to the extracellular solution to reduce noise and improve stability in the whole cell recording mode. The standard intracellular solution (pipette solution) contained (in mM) 145 CsCl, 5 NaCl, 11 EGTA, and 10 HEPES, pH 7.4.
8-Br-cAMP and DOG were purchased from Sigma (St. Louis, MO) and Calbiochem-Novabiochem (La Jolla, CA). Insulin and insulinlike growth factor (IGF1) were purchased from Sigma.
Molecular biology. The S624A mutant was generated using the Quickchange site-directed mutagenesis kit from Stratagene (Agilent Technologies, Santa Clara, CA). The fidelity of the mutagenesis was confirmed by sequencing the entire coding region (GenoSeq, UCLA, CA).
Cell culture and transfection. HEK-293T cells were purchased from the American Type Culture Collection (Manassas, VA). Cells were grown in vented 25-cm 2 polystyrene flasks in Dulbecco's modified Eagle's medium (DMEM, CELLGRO, Manassa, VA) supplemented with 10% fetal (Valley Biomedical Products, Winchester, VA) and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA). Cells were maintained in incubator at 37°C in humidified atmosphere of 5% CO 2 and 95% air. Cells were passaged (1:10) every 5 days, and before transfection, they were seeded in six-well plates or poly-L-lysinecoated 24-well plates. Cells were grown to 50 -70% confluence and then transfected using the Effectene kit (Quiagen, Germantown, MD) following protocol instructions as already described elsewhere (13) . 14 C]glucopyranoside uptake. Sugar uptake was measured in HEK-293T cells expressing hSGLT1, hSGLT2 or hSGLT2 S624A mutant as already described (13) . In brief, cells were incubated at 37°C for 30 min in 50 M D-[␣-methyl- 14 C]glucopyranoside (␣-MDG, GE HealthCare Life Sciences, Piscataway, NJ), a specific substrate for SGLTs, and washed in cold choline buffer three times, and a cell sample was assayed using scintillation counting. For each tested condition, the sample size was n ϭ 3-4 wells, and each experiment was repeated at least twice. Uptakes were measured in the presence and absence of 100 M phlorizin, and the SGLT-specific uptake was taken as the phlorizin-sensitive component (13) .
D-[␣-Methyl-
Whole cell patch-clamp recording. Our procedure for whole cell patch-clamp experiments has been explained elsewhere (13) . In brief, experiments were performed 2 days after transfection. The same day cells were plated on 12-mm poly-L-lysine-coated glass coverslips and selected on the basis of fluorescence intensity using a Nikon diaphot epifluorescence microscope (Nikon, Tokyo, Japan). During the experiment cells were kept at the holding potential (V h)ϭ Ϫ60 mV and gravity perfused using a set of 0.25-mm cannulas positioned near the cell. For hSGLT2 experiments, solutions were heated at 37°C via an in-line solution heater (TC-324B Werner Instrument), whereas for hSGLT1, experiments were carried out at 22°C. For recordings at constant holding potential, currents were filtered at 2 kHz and digitized at 1 kHz.
Steady-state kinetics were determined using a voltage-step protocol. The membrane voltage was stepped from V h ϭ Ϫ60 mV to the test potential ranging between Ϫ150 mV and in ϩ50 mV in 20-mV increments for a duration of 100 ms and averaged over four sweeps. In this case the current was filtered at 2 kHz and digitized at 50 kHz.
Steady-state glucose currents (I Glu) were obtained by subtracting the baseline current recorded in Na ϩ buffer to the total current measured in Na ϩ buffer ϩGlu:
Steady-state glucose activation was determined by varying the glucose concentration in the presence of Na ϩ buffer. Glucose response to a change in substrate concentration was fitted with the modified Hill equation of the form
where Imax is the maximal current, [S] o is the external substrate concentration, and K0.5 is the substrate concentration at half-maximal current.
Activation of protein kinases by 8-Br-cAMP or DOG.
The approach used to activate PKA and PKC was that previously described for hSGLT1 in Xenopus laevis oocytes (11). 8-Br-cAMP was added to Na ϩ buffer from a 0.1 M stock (in water, stored at Ϫ20°C) to give a final concentration of 0.1 mM. DOG was added from a 1 mM stock (in water, stored at Ϫ20°C) to give a final concentration of 1 M. For uptake experiments, cells were preincubated in medium containing DOG or cAMP for the indicated time at 37°C. After the preincubation time, cells were washed with PBS three times and uptake was then performed as described before. For patch-clamp experiments each coverslip was divided in two halves. Cells from one half were measured in control conditions while the other half was preincubated in 8-Br-cAMP or DOG for the indicated time, and then glucose currents were measured. This protocol was predicated by the technical difficulties in holding cells in the whole cell patch-clamp mode at 37°C for lengthy periods of time.
Insulin activation. Insulin was added from a 100 M stock (in water, stored at 4°C) to give final concentrations of 100 and 400 pM. Insulin was added to complete DMEM medium, and cells were incubated for 2 h at 37°C and controlled O 2-CO2 before the transport assay. Uptake was then measured according to the protocol already described. Insulin-like growth factor was added from a 100 g/ml stock (in water, stored at 4°C) to give the final concentration of 100 ng/ml. Cells were incubated for 2 h in PBS at 37°C and controlled O 2-CO2, and uptake was then measured according to protocols already described.
Statistical analysis. Statistical analysis was made using GraphPad Prism version 4.02 for Windows, GraphPad Software. Results are provided as means Ϯ SE. All data were tested for significance using the one-way ANOVA and Turkey post test. Values of P Ͻ 0.05 were considered significant.
RESULTS

8-Br-cAMP increased [
14 C]-␣MDG uptake and glucoseinduced current in cells expressing hSGLT2. To test whether activation of protein kinases is able to modulate the transport activity of hSGLT2, we compared radiotracer uptakes before and after incubation with 8-Br-cAMP, a PKA activator (10) or DOG, an activator of PKC (20) . As a control we performed parallel experiments on hSGLT1 since it was previously shown (11) that in X. laevis oocytes the activation of PKA or PKC induces a 30% increase in the maximal transport activity. Figure 1A shows that 1 h incubation in 8-Br-cAMP and DOG increased radiotracer uptake by 225% and 150% in cells expressing SGLT2. In cells expressing hSGLT1 8-Br-cAMP inhibited uptake by 25% while DOG increased uptake by 49%. There was no effect of either 8-Br-cAMP or DOG on ␣-MDG uptake into nontransfected HEK-293T cells (not shown).
To further characterize the effect of activation of PKA and PKC on hSGLT2 and hSGLT1, we measured the time dependence of activation by incubating cells for 10, 20, 30, 60, and 120 min with the two compounds and then measuring radiotracer uptake. For hSGLT2, 8-Br-cAMP activation required at least 15 min since uptakes at 10 min were not significantly different from cells not exposed to the reagent ( Fig. 2A) . The full response was observed with 60-min incubations. For hS-GLT1 significant changes in uptake were observed after 10 min for 8-Br-cAMP and DOG, and full responses were obtained within 30 min (Fig. 2B) .
Both hSGLT1 and hSGLT1 are electrogenic transport proteins (28), so we exploited this property to test the effect of 8-Br-cAMP and DOG on glucose-induced current (I Glu ) under voltage-clamp conditions. Figure 3A shows that 8-Br-cAMP increased the hSGLT2 Na ϩ -glucose inward current by 250% at the V h of Ϫ60 mV, whereas DOG produce a small significant increase (23%). For hSGLT1 8-Br-cAMP decreased the inward current by 33 Ϯ 5%, whereas DOG decreased it by 49 Ϯ 2% (Fig. 3B) .
PKA and PKC increase hSGLT2 maximum rate of transport without altering the kinetic properties. Protein kinases regulate the activity of membrane transport proteins either directly or indirectly. Direct effects occur through the phosphorylation of the protein and may lead to a change in the kinetics of the membrane transport such as substrate affinity and/or turnover rate. Indirect regulation alters the rate of insertion into or retrieval from the plasma membrane.
We have used electrophysiological techniques to discriminate between these two possibilities: 1) substrate-induced currents are used to determine substrate affinity (K 0.5 ) and maximum rate of transport (I max ); and 2) capacitance measurements (C m ) give information about the area of the plasma membrane and the changes in area are associated with vesicle exocytosis or endocytosis (11) . We divided each coverslip of SGLTtransfected cells into two parts: we measured on one half I Glu in control cells and on the other half cells exposed to 8-BrcAMP or DOG for 1 h (Owing to technical difficulties with whole cell patch experiments at 37°C and the time required to active PKA and PKC, it was not possible to study the effects of 8-Br-cAMP or DOG on a single cell).
As shown in Fig. 4A the glucose-induced current was measured as a function of external glucose concentration up to 100 mM before and after incubation with 8-Br-cAMP or DOG. Data obtained from different cells from the same transfection day were pooled, and the I max and K 0. 5 Glu were obtained for the three different conditions. I max was 23.5 Ϯ 1.7 pA in control conditions (Fig. 4A, solid 3 . Activation of PKA and PKC changes the transport rate of hSGLT1 and hSGLT2. A: glucose-induced current measured from hSGLT2 cells at holding potential (Vh) ϭ Ϫ60 mV before and after incubation with 8-Br-cAMP or DOG for 1 h. Whole cell patch-clamp recordings were performed at 37°C. Data points are mean from at least 11 cells Ϯ SE. ***P Յ 0.001, *P Յ 0.05. B: glucose-induced current from hSGLT1 was measured at Vh ϭ Ϫ60 mV before and after incubation with 8-Br-cAMP or DOG for 1 h. n ϭ 6 from different experiments. Data are means Ϯ SE. *P Յ 0.05. area, we measured membrane capacitance. As shown in Fig.  4B activation of PKA resulted in a significant increase in C m (from 18 pF Ϯ 1 to 23 pF Ϯ 1), suggesting an increase of the rate of vesicle fusion with the membrane. Activation of PKC did not result in any significant change of the membrane capacitance.
Published results (11) indicate that SGLT1 regulation in X. laevis oocytes occur via modulation of the rate of insertion into or retrieval from the membrane. Protein trafficking of the SGLT1 can be monitored as a change in SGLT1 capacitance currents (Q) and C m , so we decide to perform parallel experiments on cells expressing hSGLT1. In accordance with the change in I max we observed that 8-Br-cAMP decreased Q max and C m by 20 Ϯ 4% and DOG increased both by 33 Ϯ 1%.
Protein kinases activation is due to direct phosphorylation of hSGLT2 and is stimulated by insulin. Our results indicate that PKA and PKC activation induces an increase in hSGLT2 I max and C m indicating an increase in the catalytic turnover of existing SGLT2 proteins in the plasma membrane and/or increase in the number of proteins in the membrane. Is this activation due to the direct phosphorylation of hSGLT2? To answer this question we decide to mutate phosphorylation consensus sites and test whether PKA and PKC activation can still modulate SGLT2 transport.
A recent study (6) showed that the rat hSGLT2 displays three candidate phosphorylation sites (Ser619, Ser621, and Ser623) in the loop between transmembrane domain (TM) 12 and 13. When we aligned the rat SGLT2 with the human sequence we found that only Ser623 is conserved and corresponds to Ser624 in the human sequence. We therefore mutated Ser624 to an alanine and we tested the effect of activation of PKA or PKC.
After expression in HEK-293T cells, the S624A mutant gave a robust [
14 C]␣-MDG uptake that is indistinguishable from the uptake from hSGLT2 wt (data not shown). This suggests that the mutant protein is functional and that Ser624 is not a critical residue. As shown in Fig. 5A for the S624A SGLT2 mutant, there was no effect of 8-Br-cAMP or DOG on [
14 C]␣-MDG uptake. We performed parallel electrophysiological experiments under voltage-clamp condition. As observed for radiotracer uptake experiments, there was no effect of PKA or PKC activation on the glucose-induced currents (Fig. 5B) .
Glucose plasma concentration is regulated by different hormones, but one of the best known is insulin that is secreted after a meal to reduce the level of circulating glucose. In the kidney the highest density of insulin binding coincides with the location of SGLT2 expression, the proximal tubule (2, 25) , and so we decided to test if insulin can modulate hSGLT2 activity in HEK 293T cells.
Cells were incubated 2 h in 100 or 400 pM insulin, and [ 14 C]␣-MDG uptake was measured in control condition and after insulin treatment. As shown in Fig. 6 , 100 pM insulin induce a 72% increase in the uptake, whereas higher concentration (400 pM) induced a 2.3-fold increase. To test whether insulin activation occurs via protein phosphorylation, we tested the effect of insulin in cells expressing the hSGLT2-S624A Fig. 4 . Changes in the apparent glucose affinity and plasma membrane area for hSGLT2 caused by effectors of intracellular signaling pathway. A: glucoseinduced current was measured upon addition of 0 -100 mM glucose at a Vh ϭ Ϫ60 mV before and after incubation with the protein kinases activators. Data points were fitted with Eq. 2 to get the apparent glucose affinity (K 0.5 Glu ). Each data point is the mean of n Ն 5. Data are means Ϯ SE. B: membrane capacitance (Cm) measured before and after incubation with PKA and PKC activator. Values are means of 11 cells Ϯ SE. *P Յ 0.05. mutant. As shown in Fig. 6 , removal of Ser264 was sufficient to completely abolish the insulin response. The specificity of the insulin effect was determined by conducting parallel experiment with hSGLT1; no effect was observed with 100 pM insulin but a 20% decrease was observed with 400 pM (Fig. 6) .
Transcriptosome analyses of the rat renal proximal tubule (12) have shown that proximal tubule cells express the insulinlike growth factor 1 receptor (IGF-1) but not the insulin receptor. We tested whether the insulin stimulation of SGLT2 activity in HEK-293T cells is mediated through the IGF-1 receptor by incubating cells in 100 ng/ml IGF-1. There was no significant difference in glucose transport between the IGF-1-treated and untreated control cells (data not shown).
DISCUSSION
The kidney plays a central role in the regulation of glucose homeostasis by reabsorbing all the 180 g of glucose that is filtered in the glomerulus. SGLT2, localized in the S1 and S2 segments of the proximal tubule, is responsible for the reuptake of 80 -90% of the glucose load, whereas SGLT1, localized in the more distal parts of the proximal tubule, reabsorbs the remaining 10 -20% (26) .
Interest in the regulation of SGLT2 activity in the kidney has increased, especially given recent evidence that SGLT2 in the rat renal cortex is phosphorylated (6) . In the present study we analyzed the effect of PKA and PKC on the regulation of the human sodium-dependent glucose cotransporter hSGLT2. Parallel experiments were performed on human SGLT1 since in a previous study it was shown that, in X. laevis oocytes, it is regulated by activation of PKA or PKC (11) . Both SGLT proteins were expressed in HEK-293T cells, and we monitored glucose transport by radiotracer uptake or whole cell patchclamp Na-glucose currents before and after incubation with the well-known PKA and PKC activators. 8-Br-cAMP has long been used to activate PKA in oocytes or cells expressing cloned membrane proteins (i.e., Refs. 1 and 23), and the phorbol ester DOG have been used to activate PKC (i.e., Refs. 3 and 9). Both compounds are membrane-permeable reagents and act on the last step in the activation of the protein kinases.
This study demonstrates that hSGLT2, like hSGLT1, is upregulated by activation of PKA and PKC. Radioactive glucose uptakes and glucose-induced currents measured in the human cells transfected with hSGLT2 were increased 200% by activation of PKA and stimulated 50% by activation of PKC (Fig. 1A) . Similar results were obtained with hSGLT2 expressed in Chinese hamster ovary (CHO) cells (data not shown). As observed in X. laevis oocytes, hSGLT1 is upregulated by PKC in fact both glucose uptakes and I max are increased 50%. However, unlike oocytes, hSGLT1 activity in HEK-293T cells was inhibited 24% by activation of PKA (Fig.  1B) . The discrepancy between the results in oocytes and HEK-293T cells is most likely due to the differences between the cell types. This indicates that caution should be exercised in extrapolating results obtained on complex signaling networks in model systems to whole animals. The changes in SGLT transport activity that we observed occurred within minutes and were fully reversible (data not shown). No effect of 8-Br-cAMP or DOG was observed on ␣-MDG uptake in untransfected HEK-293T cells indicating that the protein kinases specifically regulate the expression of the SGLT sugar transporters.
The observed changes in the I max of hSGLT1 and hSGLT2 could be the result of two different processes: 1) direct change of the activity of the protein in the plasma membrane due to a change in the catalytic rate; or 2) a rapid change in the number of transporters in the plasma membrane due to fast recruitment from an intracellular pool (11) . To discriminate between these two possibilities we took advantage of our biophysical assays to measure the density of SGLT proteins in the plasma membrane (Q max ) and/or changes in membrane area caused by vesicle insertion or retrieval.
Charge movements (Q) induced by voltage jumps are a common property of voltage-sensitive membrane proteins such as SGLT1 (11) and other electrogenic Na ϩ -dependent cotransporters (i.e., Refs. 8, 21, and 22). They appear as relaxations in the range of milliseconds superimposed on the cell capacitivecharging transient. From analysis of the transient charge movements the number of transporters present in the membrane can be obtained from the maximal moved charge (Q max ), and the turnover rate can be estimated from the ratio I max /Q max (11) . Furthermore, any rapid change in the number of SGLT proteins in the plasma membrane due to PKA and PKC activation may also be followed by changes in membrane area (membrane capacitance C m ) due to alteration in rates of endocytosis and/or exocytosis.
As already observed for hSGLT1 expressed in X. laevis oocytes (11), we observed that PKC and PKA activation resulted in fast changes in maximum rates of transport without any effect on the apparent affinity for glucose. Similar results were obtained also for the Na (23) . These changes in maximum transport capacity of hSGLT1 were associated with changes in the number of transporters in the Q max and C m indicating changes in the rate of exocytosis or endocytosis of SGLT1.
For technical reasons in this study we were unable to resolve hSGLT2 charge movements (Q), but C m measurements indicate the 8-Br-cAMP activation was associated with a significant increase in membrane area (Fig. 4B ). This suggests that regulation of hSGLT2 by PKA may be in part due to recruitment from an intracellular pool of SGLT2 vesicles to the plasma membrane. We could not detect any significant change in the C m measured from DOG-treated cells (Fig. 4B) . The increase in the C m is due to the balance between increased rate of exocytosis and rate of endocytosis, so a possible explanation for the lack of effect of DOG on C m is that the increase in exocytosis rate is not enough to overcome the endocytotic rate.
Since we cannot completely exclude that the increase in I max is associated with a change in the Q max or in the turnover rate, we decide to test whether PKA/PKC stimulation is due to the direct phosphorylation of the protein. In a recent study (6) , the phosphoproteomic analysis of membrane proteins in the rat renal proximal and distal tubule has revealed that rSGLT2 is phosphorylated. Three phosphorylation sites, localized in the loop between transmembrane segments 12 and 13, have been identified: Ser619, Ser621, and Ser623.
Analysis of the human SGLT2 sequence showed that only one of the three phosphorylated serines is conserved (Ser624 corresponding to Ser623 in rat SGLT2), and so we mutated this residue to alanine and tested whether activation of PKA/PKC is still able to stimulate glucose transport. Removal of serine does not impair normal glucose transport; there was no change in sugar uptake or I max, indicating that this residue is not important for the proper transport function. However, the upregulation of S624A SGLT2 by PKA and PKC protein kinases was completely absent (Fig. 5) . This strongly suggests that the PKA and PKC act through different pathways to phosphorylate S623 and stimulate glucose transport. Interestingly, S624 does not belong to any known consensus phosphorylation site.
Given that hSGLT2 is regulated by protein kinases the immediate question becomes what agonists are responsible. Major clues are that insulin appears to regulate glucose reabsorption in the kidney, at least in a chronic fashion in diabetes. The maximum tubular glucose reabsorption is increased in diabetic subjects, and this was reduced by insulin (5, 19, 18) . Furthermore, there is a high density of insulin binding to the rat proximal convoluted tubule that coincides with expression of SGLTs (2, 25) . We then decided to test the acute effects of insulin on the activity of SGLT1 and SGLT2 expressed in HEK-293T cells. At two insulin concentrations corresponding to those recorded after a carbohydrate meal, 100 and 400 pM, there was a dramatic increase in Na-glucose transport by SGLT2 but only a modest reduction in transport by SGLT1 at the higher concentration. In the case of the S624A SGLT2 mutant, insulin activation was completely suppressed suggesting that insulin acts through phosphorylation of this residue. The lack of effect of insulin-like growth factor 1 (IGF-1) on transport activity of hSGLT2 expressed in HEK-293T cells, moreover, indicates that the insulin effect is mediated by the insulin receptor and not the IGF-1 receptor. At this time we have no information about the signaling cascades between the insulin receptor and phosphoryation of S624 SGLT2.
Our results suggest that hSGLT2 activity in the proximal tubule may be regulated over the short term by insulin, and this may be part of a physiological response following carbohydrate-rich meals to ensure complete glucose reabsorption in the kidney. In the fasting state the blood glucose is low (4 mM), but after a carbohydrate meal this increases rapidly to 7-8 mM.
The accompanying pancreatic insulin secretion increases the plasma insulin concentration from 40 to 400 pM which returns the elevated blood glucose to the fasting level. The increase in plasma insulin is expected to increase SGLT2 activity in the proximal tubule, and this will ensure that glucose is not lost to the urine. In diabetic subjects there is a reduction in pancreatic insulin secretion after a meal, and so we expect a loss of SGLT2 upregulation that would contribute to the diabetic glucosuria. In vivo the SGLT2 response to insulin may not be mediated by the insulin receptor but by the IGF-1 receptor; analyses of the data available in the rat transcriptosome databases indicates that the IGF-1 receptor, and not the insulin receptor, is expressed in the proximal tubule (12) . Both are close members of the tyrosine kinase family of receptors activated by insulin (14) . In HEK-293T cells IGF-1 does not mimic the insulin effect of hSGLT2 activity.
In summary, glucose transport by hSGLT2 is dramatically upregulated by activation of PKA and PKC when expressed in the human cell line HEK-293T and that an agonist for this affect in vivo may be insulin. These effects are mediated by phosphorylation of S624 in hSGLT2. We speculate that the insulin regulation of SGLT2 in vivo plays a part in the renal glucose reabsorption after a meal, and that the lack of this regulation contributes to the renal glucosuria in diabetic patients.
